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Abstract
Premature infants in neonatal intensive care units (NICUs) have underdeveloped immune
systems, making them susceptible to adverse health consequences from air pollutant expo-
sure. Little is known about the sources of indoor airborne particles that contribute to the
exposure of premature infants in the NICU environment. In this study, we monitored the
spatial and temporal variations of airborne particulate matter concentrations along with
other indoor environmental parameters and human occupancy. The experiments were con-
ducted over one year in a private-style NICU. The NICU was served by a central heating,
ventilation and air-conditioning (HVAC) system equipped with an economizer and a high-
efficiency particle filtration system. The following parameters were measured continuously
during weekdays with 1-min resolution: particles larger than 0.3 μm resolved into 6 size
groups, CO2 level, dry-bulb temperature and relative humidity, and presence or absence of
occupants. Altogether, over sixteen periods of a few weeks each, measurements were con-
ducted in rooms occupied with premature infants. In parallel, a second monitoring station
was operated in a nearby hallway or at the local nurses’ station. The monitoring data sug-
gest a strong link between indoor particle concentrations and human occupancy. Detected
particle peaks from occupancy were clearly discernible among larger particles and imper-
ceptible for submicron (0.3–1 μm) particles. The mean indoor particle mass concentrations
averaged across the size range 0.3–10 μm during occupied periods was 1.9 μg/m3, approxi-
mately 2.5 times the concentration during unoccupied periods (0.8 μg/m3). Contributions of
within-room emissions to total PM10 mass in the baby rooms averaged 37–81%. Near-room
indoor emissions and outdoor sources contributed 18–59% and 1–5%, respectively. Air-
borne particle levels in the size range 1–10 μm showed strong dependence on human
activities, indicating the importance of indoor-generated particles for infant’s exposure to air-
borne particulate matter in the NICU.
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Introduction
Hospital-acquired infections are recognized as a major source of morbidity and mortality
among hospital patients of all ages [1]. According to the CDC [2], 1 in 25 patients acquire at
least one infection while hospitalized. It is challenging to know the sources of infection and
mechanisms of transmission of hospital-acquired infections. Several studies have identified
diverse sources and reservoirs of causative organisms, including room air [3,4], indoor surfaces
[5–8], and room occupants (i.e., personnel and visitors [9] and patients themselves who can
cause autogenous infection [10]). A recent review by Beggs et al. [11] highlights the importance
of environmental factors.
Premature infants in the neonatal intensive care unit (NICU) have underdeveloped immune
systems that could make them susceptible to deleterious health consequences from adverse
environmental exposures. There are growing needs for NICUs owing to increasing premature
birth rates. There is also clear evidence indicating that NICU environments may contain reser-
voirs of clinically important pathogens. For example, a recent review [12] found that as much
as 63% of extremely preterm infants develop life-threatening infections, possibly owing to envi-
ronmental exposures to potential pathogens.
Although inhaling indoor air is known to be a generally important exposure route associ-
ated with adverse health effects, there is as yet limited knowledge available on concentrations
and sources of airborne particles in NICU environments. Also, hospital hygiene protocols may
undervalue the potential importance of the airborne transmission route, which could result in
inappropriate or insufficient intervention to mitigate indoor microbial burdens and their trans-
mission to neonates. A growing need is evident for more comprehensive investigations of
NICU environments to develop better knowledge of the sources of airborne particles and the
potential for exposure to them by preterm infants.
Only a few prior studies have investigated air quality parameters in a NICU environment.
These focused on cleaning/renovation activities and the mechanical ventilation system as
potential sources. Bokulich et al. [13] highlighted the importance of routine cleaning for con-
trolling microbes in the NICU and for minimizing exposures of susceptible infants to potential
pathogens. Shimono et al. [14] found that vigorous cleaning and adequate provision of ventila-
tion are required for outbreak control in NICUs. Renovation works in a NICU have been
shown to significantly increase concentrations of Aspergillus spp. [15]. It has been recognized
that infectious disease spread can occur through heating ventilation and air conditioning
(HVAC) systems because of colonization with nosocomial pathogens [16]. Implementing effi-
cient air filtration and/or ultraviolet germicidal irradiation (UVGI) in an HVAC system
decreases microbial burden in the NICU [17,18]. Environmental factors such as air tempera-
ture, relative and absolute humidity, as well as architectural design, have been shown to affect
growth and survival responses of bacteria, viruses and fungi in various types of health-care
facilities and under different operating conditions [19–23].
To our knowledge, only one prior study [9] reported preliminary evidence in support of the
hypothesis that human activities are significant contributors of particles larger than 2 μm in
the NICU setting. That study compared two contrasting NICU designs, open-style vs. private
family units, in terms of air quality performance and patient medical progress. The results
showed that private units had lower levels of noise, airborne particles and carbon dioxide, as
well as exhibiting enhanced infant medical progress. These features were attributed to reduced
activities associated with health-care delivery. The study answered a few important questions
on air quality in a NICU environment, but left open many other questions. For instance, the
study did not differentiate among different particle sizes, which is certainly a relevant factor for
environmental fate and for health-pertinent exposure assessments.
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The current study constitutes the major part of our larger effort to improve knowledge
about the sources, dynamic behavior, and fate of airborne particles in the NICU environment.
Our pilot investigation [24] utilized short-term observational monitoring and researcher-
manipulated conditions to make important inferences about sources of airborne particles in a
NICU baby room and about conditions in an unoccupied incubator. A valuable finding in that
effort is that concentrations of large particles increased with the number of occupants and
with the duration and vigor of activities. Also, within-incubator particle concentration levels
reached up to 60% of those in the room at times when the incubator humidification was inac-
tive. Steam humidification was identified as a significant source of airborne particles smaller
than 5 μmwithin the infant incubator.
The present study builds upon the lessons learnt from the pilot study. It is the first to report
a baseline characterization of airborne particle concentrations, sources and dynamics in a nor-
mally functioning NICU monitored throughout a one-year period. The primary study objec-
tives are: (i) to characterize particle number concentrations and to determine spatial and
temporal differences of indoor environmental parameters across an ordinarily operating
NICU; and (ii) to identify and quantify sources of size-resolved airborne particles in private-
style NICU rooms. The results of this study could find potential application in exposure and
health-risk assessments for infants in NICU environments. It could also prove valuable for the
identification and characterization of interventions to reduce indoor airborne particle concen-
trations and their transfer to premature infants.
Materials and Methods
Study site
The field-monitoring portion of the study was conducted at the 6-story Magee-Womens Hos-
pital of the University of Pittsburgh Medical Center in the United States. Measurements were
made in a private-style NICU located at the first level of the hospital and configured to provide
a personalized care-giving environment and services for each infant and family member. The
entire floor area of the NICU (1775 m2), one of the largest in the USA, is covered with hard
tiles which were cleaned approximately every 24 hours by using microfiber mops that were
replaced after each use. All individual baby rooms were cleaned daily and there were no evident
signs of dust accumulation. All the furnishings and materials used in the NICU were free of
substances known to be teratogenic, mutagenic, carcinogenic or otherwise harmful to human
health, as recommended for NICU design [25]. Smoking and pets were not allowed in the unit.
Hand-washing was required for staff and visitors upon entering and exiting the baby room;
however, exchange of street clothing and shoes was not mandatory. Scrubs worn by the hospi-
tal staff were their own personal property and were typically worn into and out of the hospital
without changing. Visitors were not required to wear any cover for their hair or mouth and
nose.
The physical layout of the NICU consisted of multiple private-style baby rooms, connecting
hallways, and two nurses’ stations, as schematically shown in Fig 1. Physical dimensions of the
baby room were 4.6 × 2.9 × 2.4 m (L ×W × H), and each was designed to allow unobstructed
passage of equipment and personnel to the hallway. The only physical boundary between the
baby room and the hallway was a curtain that was occasionally drawn but was usually open.
Each baby room was equipped with an incubator, chairs for visitors, sink, trash can, drawers
and shelves for hospital equipment. The nurse’s station was relatively densely occupied by care-
givers and visitors. It was equipped with furniture and electronic devices such as computers
and printers. The NICU had no operable windows or any visible signs of air infiltration;
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however, the hallway at the southwest façade had an exit doorway connecting to a stairwell
that led out of the building (Fig 1).
Experimental design and analysis
We conducted a yearlong air quality study in a normally functioning NICU, with the main
focus on airborne particles. Sampling was performed with 1-min time resolution to capture the
dynamic processes and responses to rapidly changing conditions. Airborne particles larger
than 0.3 μm were quantified in six size categories based on light scattering intensity. Distin-
guishing among individual particle-size groups enabled us to apportion each group to corre-
sponding particle source categories. The contributions of human activities to within-room
particle generation were quantitatively compared with the estimated levels of particles entering
the room from the hallway and also with particles entering from outdoors via the mechanical
ventilation system.
Two or three sets of instruments were concurrently deployed to obtain information about
airborne particle concentrations, CO2 levels, dry-bulb temperature, relative humidity, and
presence or absence of occupants. One set of instruments was located in a baby room that
housed one premature infant at a time. In all, 16 infant-room periods were monitored, denoted
with B1-B18 (Fig 1). The only prerequisite was that selected babies had a gestational age of 32
weeks or less and a birth weight less than 1250 g. Such infants would typically spend the first
month or more of life in an incubator in the NICU. Concurrently with sampling in a baby
room, a second monitoring station was operated nearby, either in the hallway or at the nurses’
station. This second station provided important information from which to glean the relative
contributions of local indoor versus general indoor versus outdoor concentrations to particle
levels in the baby room. In a few cases, two baby rooms were simultaneously sampled when a
third set of instruments was employed.
The measurement campaign spanned one year (14 October 2013–28 October 2014), allow-
ing us to explore seasonal variation. The total number of sampling days was 182. A nominal
measurement time per baby was 3 weeks, which corresponded to 12 sampling days with 4
Fig 1. Schematic layout of the NICU, located on building level 1 and served by its own air-handling
unit.Most of the NICU patient rooms were similar in size (about 33 m3). Sampling sites were in baby rooms
(red), hallway (blue) and nurses’ stations (green).
doi:10.1371/journal.pone.0154991.g001
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weekdays of continuous sampling per week. For each monitored week, measurements were ini-
tiated on Monday at 12:00 and continued until Friday 12:00 (Eastern time zone). The number
of sampling days per baby was subject to change owing to factors such as instrument malfunc-
tion, acquired baby illness, availability of rooms and public holidays. The timing and duration
of measurements for each baby are summarized in Table 1.
Mechanical ventilation
The NICU is served by a central HVAC system equipped with an economizer and a high-effi-
ciency particle filtration system. A single dedicated air handing unit (AHU) served the entire
NICU with an outdoor air intake situated at the southwest corner of the hospital. The AHU
delivered 42,500 m3/h to the NICU as a mixture of recirculated and outdoor air. That volumet-
ric flow rate corresponds to a turnover of about 10 interior volumes per hour with the design
minimum being one-third outdoor air; the total flow is deemed sufficient to maintain well-
mixed conditions in each room. The economizer provides “free-cooling” that supplies up to
90% outdoor air, based on the outdoor air dry-bulb temperature (90% of outdoor air is sup-
plied when the outdoor air dry-bulb temperature is ~10°C). After mixing recirculated air with
filtered outdoor air, the air is cooled with coils that are treated with ultraviolet germicidal irra-
diation (UVGI) to kill or inactivate microorganisms. The air mixture is subsequently heated
and humidified in the AHU and reheated at the terminal box according to local thermostat
demand. The secondary “trim” humidifiers accurately controlled the final zone humidification
to maintain the target value of ~ 40% RH. The water for humidification was treated steam
from boilers. The outdoor air was first treated with MERV 8 pleated filters, which were
replaced based on limiting values for the measured pressure drop across filter sections. The
final stage of filtration applied to both outdoor and recirculated air was achieved through high-
efficiency particulate arrestance (HEPA) filters. The conditioned air was introduced to the
NICU rooms through ceiling-mounted air diffusers that were situated to minimize draft risk
near the baby incubators.
Experimental equipment
The following parameters were measured continuously during weekdays with 1-min resolu-
tion: indoor airborne particle concentrations, carbon dioxide (CO2) levels, dry-bulb tempera-
ture, relative humidity, and presence or absence of occupants. All samplers (except occupancy
sensors) were placed in an air-cooled, foam-coated enclosure situated on the floor to provide
security and to limit instrument noise. The sampling inlet extended vertically above the enclo-
sure to 0.8 m height through an electrically conductive tube. Although lower than the incubator
height, this sampling height is expected to reflect room-averaged conditions well. For example,
prior studies show a vertical concentration gradient due to particle resuspension from the floor
to be negligible for particles of 10 μm and less [26].
Real-time, size-resolved optical particle counters (Model Met One HHPC 6+, Beckman
Coulter Life Sciences, Palatine, IL, USA) were employed to measure concentrations of airborne
particles in the NICU. These portable (27 × 10 × 5 cm) particle counters have a detectable min-
imum particle diameter of 0.3 μm. Number concentrations are reported in six size bins based
on optical diameter (0.3–0.5; 0.5–1; 1–2; 2–5; 5–10; and>10 μm).
Real-time CO2 measurements were made by means of gas analyzers (Model SBA-5, PP Sys-
tems, Amesbury, MA, USA; and model 820, LI-COR Biosciences, Lincoln, NE, USA). The pur-
pose of acquiring CO2 data was to gain insight about the human-associated particle generation
through acquisition of data reflecting the level of human metabolic emissions, which would in
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turn be associated with the number of occupants, duration of occupancy, and intensity of activ-
ities performed.
Because supply air through the ventilation system is well filtered and because there are no
other known strong indoor sources (such as unvented combustion), we anticipated that
human occupants and their movement would be important contributors to airborne particle
levels. Consequently, we monitored occupancy through the use of infrared motion sensors
(Model HOBO UX90-005). The occupancy sensors were installed near the open doorway of
the monitored room (facing inward into the room) and also in the hallway location to monitor
the presence or absence of people within the detection range of 5 m. Temperature and relative
humidity data also were sampled and recorded using HOBO U12 data loggers (Onset Com-
puter Corp., Bourne, MA, USA).
Quality assurance
To accurately compare results obtained with four optical particle counters, the data were cor-
rected using adjustment factors obtained from side-by-side tests of instrument performance
(S1 Table). Flow rate checks were conducted every 2–3 months and either (a) all flows were
within 5% of the manufacturer-specified setpoint (2.83 L/min), or (b) instruments with a low
Table 1. Experimental schedule and year-long descriptive data of human occupancy load, dry-bulb temperature, relative humidity and carbon
dioxide levels measured in baby rooms (BR) and hallway (Hall). 1,2
Baby ID Startdate Days Occupancy
(mean, %)
T (mean ± S.D., °C) RH (mean ± S.D., %) CO2 (mean ± S.D., ppm)
BR Hall BR Hall BR Hall BR Hall
B1 14/10/13 12 16 24.1 ± 0.7 40 ± 2 466 ± 31
B2 28/10/13 12 31 24.5 ± 0.7 40 ± 2 452 ± 38
B3 3/12/13 10 22 14 23.9 ± 0.2 24.2 ± 0.2 39 ± 1 34 ± 3 463 ± 22 455 ± 18
B4 9/1/14 12 22 13 25.6 ± 0.6 24.5 ± 1.0 36 ± 2 34 ± 4 490 ± 30 434 ± 19
B5 27/1/14 14 32 13 23.9 ± 0.4 24.1 ± 1.3 40 ± 2 35 ± 3 467 ± 33 440 ± 25
B6 3/3/14 11 16 13 24.1 ± 0.6 23.8 ± 0.4 39 ± 2 38 ± 3 471 ± 23 433 ± 23
B8 7/4/14 12 27 12 24.6 ± 0.6 23.7 ± 0.4 38 ± 2 40 ± 2 467 ± 36 419 ± 44
B9 28/4/14 12 19 11 23.7 ± 0.3 23.2 ± 0.3 41 ± 2 42 ± 2 439 ± 48 439 ± 43
B10 9/6/14 12 33 13 23.3 ± 0.2 23.9 ± 0.1 45 ± 1 43 ± 1 513 ± 60 485 ± 50
B11 12/6/14 12 24 13 24.5 ± 0.5 23.8 ± 0.3 43 ± 2 44 ± 3 542 ± 59 485 ± 46
B12 8/7/14 14 28 13 23.5 ± 0.8 24.1 ± 0.5 43 ± 2 42 ± 2 501 ± 61 446 ± 54
B14 31/7/14 13 20 12 22.9 ± 0.7 23.2 ± 0.6 45 ± 2 44 ± 2 456 ± 53 458 ± 49
B15 14/8/14 5 40 11 23.7 ± 0.2 23.1 ± 0.2 44 ± 1 45 ± 1 512 ± 60 463 ± 46
B16 25/8/14 11 16 14 23.3 ± 0.6 24.5 ± 0.3 44 ± 2 42 ± 1 468 ± 54 456 ± 52
B17 23/9/14 11 18 13 23.9 ± 0.4 24.2 ± 0.4 41 ± 2 41 ± 1 481 ± 40 426 ± 38
B18 13/10/14 9 22 13 23.6 ± 0.6 24.0 ± 0.2 41 ± 2 41 ± 2 443 ± 42 417 ± 28
Mean 24 13 23.9 ± 0.5 23.9 ± 0.4 41 ± 2 40 ± 2 477 ± 43 450 ± 38
1Sampling in the baby rooms B1, B2 and the ﬁrst three days of B3 was conducted along with measurements at the nurses’ station. The results of
sampling at the nurses’ station were analyzed and reported independently (S1 File, S2 Fig) and excluded from the present table and from further
analyses. Babies 7 and 13 had to be transferred to another hospital owing to acquisition of NEC (necrotizing enterocolitis); they were excluded from this
study. Baby 15 acquired NEC but was retained for the analysis with reduced number of sampling days. Unexpected events (HVAC ﬁlter maintenance)
were also excluded from the current analysis and are reported separately (S1 File, S3 Fig). The size-resolved particle number concentrations without
applying data post-processing (including data from nurses’ station and HVAC ﬁlter maintenance) are reported elsewhere (S2 Table).
2The results of occupancy, dry-bulb temperature, relative humidity and carbon dioxide are 1-min mean and standard deviation acquired during day and
night sampling. Occupancy data for B1 and B2 were obtained based on a light sensor with detectable range of 12 m; the remaining data were recorded
with the occupancy sensor described in Materials and Methods.
doi:10.1371/journal.pone.0154991.t001
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flow were repaired before redeploying. Adjustment of CO2 data was not necessary, since the
instruments had an error less than 1% for the calibrated range of values. Relative differences in
CO2 levels up to 15 ppm were considered to fall within measurement uncertainty.
Data analysis: Particle number and mass concentration estimates
Total particle number (TPN) concentrations were obtained by summing number concentra-
tions of particles from the six size bins. The PM10 mass levels were estimated as the sum of the
computed particle mass concentrations in size bins larger than 0.3 μm and smaller than 10 μm.
To perform number to mass conversion, these assumptions were made: (i) particles are spheri-
cal and their density is constant at 1000 kg/m3; and (ii) mass-weighted size distribution, dM/d
(log dp), is constant within each particle size bin. As the average density of particles is likely to
be in the range 1000 to 2500 kg/m3, the PM10 mass concentrations reported here should be
viewed as lower-bound estimates [27]. Particles with optical diameter less than 0.3 μm were
below the detection limit of the particle counters. However, their “invisibility” was deemed to
contribute negligibly to the total mass concentration of airborne particles owing to the absence
of evident submicron particle sources indoors and the effective filtration of particles of outdoor
origin. Concentrations, emission rates, and dynamic behaviour of particles below 0.3 μm
should be studied in the future, as excessive presence of ultrafine particles does pose potential
health risks [28].
Results and Discussion
Summary of descriptive data
The measurements performed in baby rooms and in a nearby hallway provided more than 5
million data points acquired during the 1-year field-campaign period (S1 Fig).
The time-averaged PM10 mass concentrations in the individual baby rooms were generally
low, not exceeding 5 μg/m3 (mean ± standard deviation = 2.9 ± 0.8 μg/m3), which we attribute
to efficient particle filtration, effective building hygiene protocols and relatively low occupancy.
The indoor PM10 levels in the NICU were substantially below typical concentrations measured
in other indoor environments, such as residences (median = 34.7 μg/m3) and especially schools
(median = 102 μg/m3), as reported in studies reviewed by Morawska et al. [29].
Table 1 summarizes environmental parameters such as dry-bulb temperature, relative
humidity and CO2 levels across all baby rooms and hallway sampling periods. The detected
occupancy load in baby rooms (excluding the baby) ranged from 16 to 40% and always
exceeded the hallway occupancy, which fluctuated within a range of 11–14%. The dry bulb
temperature and relative humidity were controlled within a relatively narrow band by the
HVAC system. The CO2 levels were within the range typical of well-ventilated indoor environ-
ments [30] and showed moderate variability. Factors influencing the variability in CO2 levels
include variable air recirculation rates (more recirculation and less outside air in the summer)
and uneven CO2 generation by human metabolism within the NICU. The CO2 levels exhibited
a weak association with the local occupancy load.
Spatial variation and statistical distribution
Fig 2 presents mean, size-specific particle concentrations measured in all baby rooms and the
hallway. Considering particles larger than 2 μm, average concentrations were higher in baby
rooms than in the hallway throughout the year, a result that is aligned with occupancy as a
prominent source and the intensity of occupancy being higher in the baby rooms than in the
hallway. Seasonal fluctuations in particle number concentrations and CO2 levels were relatively
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small, excluding data from baby rooms B3, B4 and B5. A slight decrease in particle number
concentrations during the summer period (corresponding to babies B11-B14) is attributed to
an increased proportion of supply air being recirculated within the ventilation system (Table 1;
S2 Table).
Within three baby rooms (B3, B4 and B5), particle levels were notably higher compared to
other baby rooms. We speculate that the cause was concurrent wintertime construction being
undertaken near the southwest façade of the hospital (only during B3, B4 and B5), close to the
outdoor air intake. It may be that during the construction period, elevated levels of outdoor
particles were introduced to the NICU through the HVAC system and via particle infiltration.
As seen in Fig 2, the seasonal pattern of elevated particle number concentrations (babies
B3-B6) was more discernible in the hallway and within the smaller particle-size fractions. We
Fig 2. Size-resolved particle number concentrationsmeasured in baby rooms and in the hallway.Data are averages of 1-day mean concentrations
(± standard deviation). Boxed values in each frame indicate overall means obtained during the 1-year monitoring campaign. Note that due to sampling at
0.8 m height, reported number concentration for particles >10 μmmay be overestimated compared to room-average values [26].
doi:10.1371/journal.pone.0154991.g002
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suspect that the explanation for higher levels in the hallway during these times relates to the
building’s physical configuration and ventilation system design. The stairwells are not mechan-
ically ventilated. Consequently, air in the stairwell infiltrates from outdoors solely via the exit
doorway (Fig 1), yielding an air-exchange rate that is likely to be low. Outdoor particle infiltra-
tion and persistence (the infiltration factor) is a function of a size-specific particle penetration
efficiency and deposition rates on indoor surfaces. In a low air-exchange environment, particles
at the smaller end of the size range that we monitored would have a higher infiltration factor
[31]. The small particles that remain airborne could penetrate into the hallway from the stair-
well, possibly through air leakage from the frequently opened door that connects the stairwell
to the interior of the hospital or through air leakage around the closed door.
Spatial parameter correlations between the monitored baby room and the hallway were
strong for CO2 levels, total particle number (TPN) concentrations, and size-resolved particle
concentrations in the submicron size ranges, as shown in Fig 3. Submicron particles contribute
substantially to TPN, but do not strongly influence particle mass concentrations. Conse-
quently, the submicron particles exhibit similar correlation factors as TPN, especially in the
smallest monitored particle size-range (0.3–0.5 μm). Conversely, correlations were weak for
supermicron particle levels and especially for PM10 mass (Fig 3), which is mainly driven by
larger particles. Evidence from the spatial correlation analysis supports an interpretation that
indoor TPN levels were controlled by penetration from outdoor air (and therefore highly cor-
related between the two indoor monitoring sites). Conversely, the PM10 levels, which corre-
lated poorly between the two indoor sites, were primarily derived from occupancy.
There was not a strong link between CO2 levels and local occupancy in individual baby
rooms (Table 1). That result reinforces and helps to interpret the finding of high CO2 spatial
correlations between the paired indoor monitoring locations. Strong spatial correlations exist
because of several factors: 1) free transport of CO2 between NICU rooms due the absence of
doors; 2) balanced propagation of CO2 throughout the NICU via recirculating airflow in the
HVAC system; and 3) the transport without loss of CO2 through all ducted airstreams (in con-
trast to the effective particle filtration from recirculating flow). Therefore, CO2 emissions any-
where in the NICU would elevate indoor levels throughout the NICU, whereas indoor particle
emissions, particularly in the supermicron particle-size fractions, would tend to have a more
localized influence on particle concentrations.
The high spatial correlation for submicron particles was even more pronounced between
two baby rooms when they were simultaneously sampled (S4 Fig). Based on 9 overlapping sam-
pling days, simultaneous monitoring in baby rooms in B10 and B11 yielded coefficients of
determination (r2) ranging from 0.1 (for particles larger than 10 μm) to 0.94 (for the 0.3–
0.5 μm particle-size fraction). The CO2 level in both rooms exhibited a high degree of correla-
tion (r2 = 0.8), indicating the dominant influence of supply air.
Temporal variation of CO2, TPN, PM10 mass and human occupancy
Fig 4 illustrates the effect of within-room diurnal occupancy patterns on hourly mean PM10,
TPN and CO2 levels. The plots were produced by creating hourly mean data, which were sub-
sequently averaged across all baby rooms and across the full study period. All parameters
exhibited a diurnal cyclic variation, which was statistically described using a sinusoid (Eq 1):
y ¼ y0 þ A sinð2px þ φÞ ð1Þ
The response variable, y, is the time-of-the-day averaged value of occupancy, PM10, TPN or
CO2 level. The mean of y is y0, A is a maximum span from the mean, x is time of day, and φ is
the phase shift. The least squares best-fit sinusoidal curves are plotted in Fig 4 along with the
Concentrations and Sources of Airborne Particles in a NICU
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time-averaged values. The CO2 levels followed expected diurnal occupancy patterns: lower
overnight and elevated during the day. The daily CO2 level rise is mainly a consequence of met-
abolic CO2 generation by occupants anywhere in the NICU. Fig 4 exhibits this pattern, as CO2
concentrations in the baby rooms and in the hallway were similar and varied in a comparable
manner. By contrast, the influence of occupancy was particularly evident for PM10 mass in the
baby rooms, clearly indicating a tight correlation between human presence and emissions of
coarse particles, most likely from a combination of shedding (from skin, hair and clothing) and
Fig 3. Coefficient of determination between baby room and hallway CO2 levels, total particle number
(TPN), size-specific PN concentrations and PM10 mass. The results are obtained based on 5-min mean
concentrations. Box plots indicate minimum, 1st quartile, median, 3rd quartile and maximum values
considering data from the whole monitoring campaign.
doi:10.1371/journal.pone.0154991.g003
Fig 4. Daily 1-h mean concentrations of CO2, total particle number (TPN), PM10 mass and human occupancy over the full monitoring period
measured in all baby rooms (left) and in the hallway (right). A least-squares best-fit sinusoidal curve (Eq 1) is shown along with function coefficients
and standard deviations.
doi:10.1371/journal.pone.0154991.g004
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resuspension (from the floor and other contact surfaces) [32]. The occupancy data exhibit a
“shark-tooth” pattern, peaking every 3 hours, especially during night, with fewer visitors. The
intermittent peaks in occupancy correspond to the regular feeding time of babies by hospital
personnel. The correlation between occupancy and PM10 mass in the hallway was also high,
despite the absence of a synchronous activity pattern as in the baby rooms. On the other hand,
the diurnal TPN trend, dominated by fine particles, was minimally affected by occupancy. The
TPN concentrations increased during the night, when the economizer supplied more outdoor
air because of the lower outdoor dry-bulb temperature. This evidence points toward a possible
interpretation: the levels outdoors were the predominant influence on indoor TPN levels. This
observation corresponds to expectations, given the reduced deposition loss coefficient and fil-
tration efficiency for particles in the size range 0.3–1 μm [33], which can lead to a greater frac-
tional penetration of particles of outdoor origin.
Fig 4 exhibits noteworthy differences in TPN levels and a peak phase-shift between baby
rooms and the hallway. These indicators may signal two distinct pathways of particle intrusion
indoors. Transport through the HVAC system likely dominates as a TPN source in the baby
rooms. However, it appears that an important mechanism of particle intrusion into the hallway
was through infiltration from the nearby stairwell, particularly during the construction period.
The large discrepancies in TPN between baby rooms and hallway suggest the possibility to
reduce indoor levels of small particles by means of ensuring a tight building envelope coupled
with effective pressure management to minimize infiltration.
Relative source contributions to within-room particle concentrations
Fig 5 shows normalized size distributions of indoor particle number and mass concentrations
recorded in all baby rooms during occupied and unoccupied conditions. Human presence did
not materially influence total particle number concentration but did result in a distinct increase
in airborne particle mass concentration. This strong association was discernible within size
fractions larger than 1 μm. The recorded difference between submicron particle number con-
centrations during occupied and vacant periods was less than 5%, indicating that supply from
outdoor air played a predominant role for this particle metric. By contrast, mean indoor parti-
cle mass concentrations averaged across the size range 0.3–10 μmwas 1.85 μg/m3 during the
occupied periods, approximately 2.5 times as high as levels during unoccupied conditions
(0.75 μg/m3). These data reveal important features about the contribution of room occupancy
to the supermicron mass concentrations of airborne particles.
The indoor particle load consists of a mixture of outdoor particles that have infiltrated
indoors (through ventilation supply and via infiltration leaks in the building envelope) and
particles directly emitted from indoor sources (from human activities and potentially other
processes). Indoor particle concentrations are also governed by filtration, deposition onto
indoor surfaces, and removal by means of ventilation [33]. For this study, we divide contribu-
tions to indoor particle concentrations in the baby room into three source categories: (1)
within-room emissions from occupancy-associated activities; (2) near-room emissions from
occupancy-associated activities outside the baby room; (3) and supply from outdoor air. The
total particle mass concentrations in the baby rooms were apportioned into these three source
categories based on the following inferences: (1) within-room emissions are represented by the
average of supermicron particle mass concentrations during the occupied periods minus the
supermicron particle mass estimated to have penetrated into the baby room from the near-
room spaces; (2); near-room emissions constitute all the supermicron particles in an unoccu-
pied baby room and (3) the source of indoor submicron particles is exclusively outdoor
air (an inference that is supported by data in Figs 3 and 5). Fig 6 compares relative source
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Fig 5. Size distributions of total particle number (left) andmass (right) concentrations averaged across all baby rooms separately
considering occupied and unoccupied periods. The data from the largest size channel of the optical particle counter was omitted and an
upper limit of 10 μm diameter was adopted.
doi:10.1371/journal.pone.0154991.g005
Fig 6. Comparison of individual contributions to PM10 mass in the baby rooms from three sources: Indoor (within room) emissions, indoor
(near room) emissions, and outdoors.
doi:10.1371/journal.pone.0154991.g006
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contributions to PM10 mass in each baby room. Both within-room and near-room activities
contributed strongly to PM10 mass in the baby rooms, relative to outdoor air. The influence of
within-room activities on elevated PM10 mass was more prominent than near-room emissions
in most of the baby rooms. Contribution of within-room sources ranged from 37% to 81%
across all baby rooms, whereas near-room emissions contributed 18–59% of the total mass
concentration. A relatively high near-room particle contribution supports the previous find-
ings [9] that individual neonates who are physically isolated from the human activities occur-
ring outside the room, can be exposed to lower levels of airborne particulate matter. Outdoor
air contributed negligibly to PM10 mass in the baby rooms, varying in the range 1% to 5%.
However, conversely, outdoor air strongly contributed to TPN concentrations, averaging from
82% to 92% across individual baby rooms (S5 Fig).
Coarse particles dominate the PM10 mass concentrations in the NICU. Ample evidence
from prior literature shows that occupancy-associated emissions through shedding and resus-
pension cause higher increments of coarse particle loads as compared to fine particles. Larger
particles are more likely than smaller particles to become detached from surfaces [34]. Empiri-
cally, the rate of indoor emissions is known to increase with particle size when occupants per-
form more vigorous activities such as walking, cleaning or handling fabrics [35–37].
As illustrated in Fig 6, differences in the contribution of within-room generation of PM10
mass were found among the baby rooms. The overall mean of 5-min PM10 mass concentrations
across all baby rooms was 2.95 μg/m3 with a 0.26 coefficient of variation. Possible causes of the
variability include differences in the number of occupants and in the activities undertaken in
the baby rooms. The occupancy sensors that we utilized could only detect the presence or
absence of occupants without providing information about the number of occupants or about
the type and intensity of activity performed. For a joint assessment of time-varying occupancy
and occupant activity, multiple methods would be needed, i.e. combining metabolic CO2
detection, non-directional doorway beam-break sensors and visual observations [38,39]. In a
sensitive setting such as the neonatal intensive care unit, the goal of acquiring high quality envi-
ronmental data must always be tempered with the primary need to not disrupt health-care
activities.
Conclusions
In this year-long study, we investigated the concentrations and sources of size-resolved air-
borne particles in a normally functioning neonatal intensive care unit. The indoor particle con-
centrations in the NICU were substantially lower than have been reported for other common
occupied indoor environments, such as residences and schools. The contribution of outdoor
particles to indoor particle mass concentrations was particularly low owing to the effectiveness
of the ventilation system including HEPA filtration. It appears that effective building hygiene
protocols also contributed to low indoor airborne particle levels. Although the mass concentra-
tion of particles from outdoor air was small, the contribution of ventilation to small particles as
assessed by total particle number concentration (considering particles of diameter larger than
0.3 μm) was highly sensitive to the influence of outdoor air, particularly during a period of con-
struction outdoors, which highlights the importance of maintaining efficient particle filtration
and limiting air infiltration through the building envelope.
This work has also demonstrated a strong temporal and spatial association between the
indoor particle mass concentration (PM10) and human occupancy, both considering the tem-
poral pattern in the hospital overall and focusing on infant rooms in particular. The detected
particle peaks tied to occupancy were substantially more discernible among larger particles, as
would be expected for shedding and resuspension. Conversely, room occupancy contributed
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little to submicron particle generation. Carbon dioxide levels also exhibited a high spatial corre-
lation across the NICU, but with only a mild dependence on local occupancy.
Within-room emissions made the highest relative source contribution to baby room coarse
particle concentrations. Near-room emissions also contributed substantially to baby room
coarse particle loads, especially in relation to the small contribution from outdoor air, indicat-
ing a possibility to reduce infants’ exposure by further isolating the air in their room from
nearby air outside the room. That the occupancy-associated emissions within the room are
dominant contributors to airborne particulate concentrations in NICU environments suggests
that they may also be an environmental factor influencing infant health. Further evidence sup-
porting this view emerged from our pilot study, revealing that the particle concentrations
inside an infant incubator were a substantial proportion of those in room air.
Emerging evidence supports a view that occupancy is an important source of indoor air-
borne bacteria and fungi. This point has been demonstrated effectively for university [40]
and elementary-school classrooms [41]. A recent study in a health-care setting shows a clear
connection between indoor air and human-associated bacterial communities [22]. One may
reasonably assume that human occupants can be a direct or indirect source of airborne path-
ogenic microorganisms. It seems worthwhile to consider whether improved nosocomial
infection control can be achieved by further limiting bioaerosol emissions associated with
occupancy.
This study has identified the prevailing sources and characterized the concentrations of air-
borne particles in NICU rooms during normal use, but has not considered the mechanisms by
which they are transmitted from the room environment to infants. Our study also does not
reveal the predominant transmission mechanisms for coarse particle release from occupants in
the NICU—whether through resuspension, direct shedding (from skin, hair, clothes, or shoes)
or as a transport vector (i.e., what humans bring in from near-room and outdoors). Further
research on the emission and transport mechanisms would be important as a basis for develop-
ing improved building hygiene protocols. Large spatial and temporal variability in airborne
particle levels in the NICU provides evidence of the potential for improving facility manage-
ment and control practices to further promote the health and welfare of premature infants.
Supporting Information
S1 Fig. Particle number and CO2 data acquisition success rate in the hallway and across all
baby rooms. The data yield also includes recordings from the nurses’ station and during the
HVAC system maintenance that were not included in Table 1.
(TIF)
S2 Fig. Comparison of the real-time 1-h mean concentrations of size-resolved particles in
the (a) baby room and the nurses’ station; and (b) baby room and the hallway. Time series
are shown for 10 sampling days that correspond to B3. The solid line designates particle levels
in the baby room, while the shaded area illustrates concentrations at the nurses’ station and in
the hallway. Sampling changed from the nurses’ station to the hallway on the date and time
demarcated by a vertical dashed line.
(TIF)
S3 Fig. Time series (at 5-min resolution) of temperature, relative humidity, TPN and PM10
in a baby room, showing influence of the HVAC filtration system maintenance. These
results are based on an analysis of data from 11 February, when filter change-out procedure
began at 6:00 AM and lasted for 2.9 hours, as delimited by vertical dashed lines.
(TIF)
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S4 Fig. Coefficient of determination for the linear correlation between concentrations in
two simultaneously sampled baby rooms (B10 and B11) for a nine-day period. The results
include 5-min means of small (0.3–0.5 μm) and large (>10 μm) particle number concentra-
tions, and CO2 levels.
(TIF)
S5 Fig. Comparison of individual contributions to the total particle number concentration
(TPN) in the baby rooms from three sources: Indoor (within-room) emissions, indoor
(near-room) emissions, and outdoors. Individual source contributions to the total TPN were
calculated in the same fashion as explained in relation to Fig 6.
(TIF)
S1 File. Nurses’ station and HVAC filter maintenance.
(DOCX)
S1 Table. Adjustment factors obtained from optical particle counter (OPC) side-by-side
tests with a reference instrument OPC3.1
(DOCX)
S2 Table. Size-resolved particle number concentrations measured in the baby rooms and
hallway. The results include data from nurses’ station (for B1, B2 and the first week of B3) and
HVAC filter maintenance (no post-processing).
(DOCX)
Acknowledgments
This work was funded by a grant from the Alfred P. Sloan Foundation. We are grateful for the
cooperation of hospital staff members who facilitated monitoring at the sites.
Author Contributions
Conceived and designed the experiments: MJM JFBWWN. Performed the experiments: SB BB
RB BF XT. Analyzed the data: DL SBWWN. Wrote the paper: DLWWN.
References
1. Cardo D, Dennehy PH, Halverson P, Fishman N, Kohn M, Murphy CL, et al. (2010) Moving toward elim-
ination of healthcare-associated infections: A call to action. Infect Cont Hosp Ep 31: 1101–1105.
2. Magill SS, Edwards JR, Bamberg W, Beldavs ZG, Dumyati G, Kainer MA, et al. (2014) Multistate point-
prevalence survey of health care–associated infections. N Engl J Med 370: 1198–1208. doi: 10.1056/
NEJMoa1306801 PMID: 24670166
3. Adler A, Gottesman G, Dolfin T, Arnon S, Regev R, Bauer S, et al. (2005) Bacillus species sepsis in the
neonatal intensive care unit. J Infect 51: 390–395. PMID: 16321650
4. Jacob JT, Kasali A, Steinberg JP, Zimring C, DenhamME (2013) The role of the hospital environment
in preventing healthcare-associated infections caused by pathogens transmitted through the air. Health
Environments Research & Design J 7(Suppl): 74–98.
5. Van den Berg RWA, Claahsen HL, Niessen M, Muytjens HL, Liem K, Voss A (2000) Enterobacter cloa-
cae outbreak in the NICU related to disinfected thermometers. J Hosp Infect 45: 29–34. PMID:
10917779
6. Buffet-Bataillon S, Rabier V, Bétrémieux P, Beuchée A, Bauer M, Pladys P, et al. (2009) Outbreak of
Serratia marcescens in a neonatal intensive care unit: contaminated unmedicated liquid soap and risk
factors. J Hosp Infect 72: 17–22. doi: 10.1016/j.jhin.2009.01.010 PMID: 19246120
7. Naesens R, Jeurissen A, Vandeputte C, Cossey V, Schuermans A (2009) Washing toys in a neonatal
intensive care unit decreases bacterial load of potential pathogens. J Hosp Infect 71: 197–198. doi: 10.
1016/j.jhin.2008.10.018 PMID: 19100660
Concentrations and Sources of Airborne Particles in a NICU
PLOSONE | DOI:10.1371/journal.pone.0154991 May 13, 2016 15 / 17
8. Brooks B, Firek BA, Miller CS, Sharon I, Thomas BC, Baker R, et al. (2014) Microbes in the neonatal
intensive care unit resemble those found in the gut of premature infants. Microbiome 2: 1. doi: 10.1186/
2049-2618-2-1 PMID: 24468033
9. Domanico R, Davis DK, Coleman F, Davis BO (2011) Documenting the NICU design dilemma: compar-
ative patient progress in open-ward and single family room units. J Perinatol 31: 281–288. doi: 10.
1038/jp.2010.120 PMID: 21072040
10. Clark RP (1975) Hygiene of babies’ incubators. Lancet 305: 696–697.
11. Beggs C, Knibbs LD, Johnson GR, Morawska L (2015) Environmental contamination and hospital-
acquired infection: factors that are easily overlooked. Indoor Air 25: 462–474. doi: 10.1111/ina.12170
PMID: 25346039
12. Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook AR, Walsh MC, et al. (2010) Neonatal outcomes of
extremely preterm infants from the NICHD Neonatal Research Network. Pediatrics 126: 443–456. doi:
10.1542/peds.2009-2959 PMID: 20732945
13. Bokulich NA, Mills DA, Underwood MA (2013) Surface microbes in the neonatal intensive care unit:
changes with routine cleaning and over time. J Clin Microbiol 51: 2617–2624. doi: 10.1128/JCM.
00898-13 PMID: 23740726
14. Shimono N, Hayashi J, Matsumoto H, Miyake N, Uchida Y, Shimoda S, et al. (2012) Vigorous cleaning
and adequate ventilation are necessary to control an outbreak in a neonatal intensive care unit. J Infect
Chemother 18: 303–307. doi: 10.1007/s10156-011-0326-y PMID: 22038125
15. Mahieu LM, De Dooy JJ, Van Laer FA, Jansens H, Ieven MM (2000) A prospective study on factors
influencing aspergillus spore load in the air during renovation works in a neonatal intensive care unit. J
Hosp Infect 45: 191–197. PMID: 10896797
16. Gundermann KO (1980) Spread of microorganisms by air-conditioning systems—especially in hospi-
tals. Ann NY Acad Sci 353: 209–217. PMID: 6939386
17. Möritz M, Peters H, Nipko B, Rüden H (2001) Capability of air filters to retain airborne bacteria and
molds in heating, ventilating and air-conditioning (HVAC) systems. Int J Hyg Environ Health 203: 401–
409. PMID: 11556144
18. Ryan RM, Wilding GE, Wynn RJ, Welliver RC, Holm BA, Leach CL (2011) Effect of enhanced ultraviolet
germicidal irradiation in the heating ventilation and air conditioning system on ventilator-associated
pneumonia in a neonatal intensive care unit. J Perinatol 31: 607–614. doi: 10.1038/jp.2011.16 PMID:
21436785
19. Mbithi JN, Springthorpe VS, Sattar SA (1991) Effect of relative humidity and air temperature on survival
of hepatitis A virus on environmental surfaces. Appl Environ Microbiol 57: 1394–1399. PMID: 1649579
20. Makison C, Swan J (2006) The effect of humidity on the survival of MRSA on hard surfaces. Indoor Built
Environ 15: 85–91.
21. Tang JW (2009) The effect of environmental parameters on the survival of airborne infectious agents. J
R Soc Interface 6: S737–S746. doi: 10.1098/rsif.2009.0227.focus PMID: 19773291
22. Kembel SW, Jones E, Kline J, Northcutt D, Stenson J, Womack AM, et al. (2012) Architectural design
influences the diversity and structure of the built environment microbiome. ISME J 6: 1469–1479. doi:
10.1038/ismej.2011.211 PMID: 22278670
23. Noti JD, Blachere FM, McMillen CM, LindsleyWG, Kashon ML, Slaughter DR, et al. (2013) High humid-
ity leads to loss of infectious influenza virus from simulated coughs. PLoS ONE 8: e57485. doi: 10.
1371/journal.pone.0057485 PMID: 23460865
24. Bhangar S, Brooks B, Firek B, Licina D, Tang X, Morowitz MJ, et al. (2016) Pilot study of sources and
concentrations of size-resolved airborne particles in a neonatal intensive care unit. [Pre-published as
manuscript in progress]. UC Berkeley: UC Berkeley Library. Available: http://escholarship.org/uc/item/
7qk9w2h4.
25. White RD (2006) Recommended standards for newborn ICU design. J Perinatol 26: S2–S18.
26. Montoya LD, Hildemann LM (2005) Size distributions and height variations of airborne particulate mat-
ter and cat allergen indoors immediately following dust-disturbing activities. J Aerosol Sci 36: 735–749.
27. Ferro AR, Kopperud RJ, Hildemann LM (2004) Elevated personal exposure to particulate matter from
human activities in a residence. J Expo Anal Environ Epidemiol 14: S34–S40. PMID: 15118743
28. Delfino RJ, Sioutas C, Malik S (2005) Potential role of ultrafine particles in associations between air-
borne particle mass and cardiovascular health. Environ Health Perspect 113: 934–946. PMID:
16079061
29. Morawska L, Afshari A, Bae GN, Buonanno G, Chao CYH, Hänninen O, et al. (2013) Indoor aerosols:
from personal exposure to risk assessment. Indoor Air 23: 462–487. doi: 10.1111/ina.12044 PMID:
23574389
Concentrations and Sources of Airborne Particles in a NICU
PLOSONE | DOI:10.1371/journal.pone.0154991 May 13, 2016 16 / 17
30. Seppänen OA, Fisk WJ, Mendell MJ (1999) Association of ventilation rates and CO2 concentrations
with health and other responses in commercial and institutional buildings. Indoor Air 9: 226–252.
PMID: 10649857
31. Long CM, Suh HH, Catalano PJ, Koutrakis P (2001) Using time- and size-resolved particulate data to
quantify indoor penetration and deposition behavior. Environ Sci Technol 35: 2089–2099. PMID:
11393992
32. BranišM, Řezáčová P, Domasová M (2005) The effect of outdoor air and indoor human activity on
mass concentrations of PM10, PM2.5, and PM1 in a classroom. Environ Res 99: 143–149. PMID:
16194663
33. Nazaroff WW (2004) Indoor particle dynamics. Indoor Air 14 (Suppl 7): 175–183. PMID: 15330785
34. HindsWC (1999) Aerosol Technology: Properties, Behavior, and Measurement of Airborne Particles.
2nd ed. New York: Wiley & Sons.
35. Thatcher TL, Layton DW (1995) Deposition, resuspension, and penetration of particles within a resi-
dence. Atmos Environ 29: 1487–1497.
36. Ferro AR, Kopperud RJ, Hildemann LM (2004) Source strengths for indoor human activities that resus-
pend particulate matter. Environ Sci Technol 38: 1759–1764. PMID: 15074686
37. Bhangar S, Adams RI, Pasut W, Huffman JA, Arens EA, Taylor JW, et al. (in press) Chamber bioaero-
sol study: human emissions of size-resolved fluorescent biological aerosol particles. Indoor Air. doi: 10.
1111/ina.12195
38. Dedesko S, Stephens B, Gilbert JA, Siegel JA (2015) Methods to assess human occupancy and occu-
pant activity in hospital patient rooms. Build Environ 90: 136–145.
39. Ramos T, Dedesko S, Siegel JA, Gilbert JA, Stephens B (2015) Spatial and temporal variations in
indoor environmental conditions, human occupancy, and operational characteristics in a new hospital
building. PLoS ONE 10: e0118207. doi: 10.1371/journal.pone.0118207 PMID: 25729898
40. Hospodsky D, Qian J, Nazaroff WW, Yamamoto N, Bibby K, Rismani-Yazdi H, et al. (2012) Human
occupancy as a source of indoor airborne bacteria. PLoS ONE 7: e34867. doi: 10.1371/journal.pone.
0034867 PMID: 22529946
41. Hospodsky D, Yamamoto N, Nazaroff WW, Miller D, Gorthala S, Peccia J (2015) Characterizing air-
borne fungal and bacterial concentrations and emission rates in six occupied children’s classrooms.
Indoor Air 25: 641–652. doi: 10.1111/ina.12172 PMID: 25403276
Concentrations and Sources of Airborne Particles in a NICU
PLOSONE | DOI:10.1371/journal.pone.0154991 May 13, 2016 17 / 17
